The debate over the mechanism of the passive component of glucose absorption Following the initial proposal of Crane et al. (1961) , the mechanism of Na + -glucose cotransport became firmly established over the next 25 years; for a review, see Stevens et al. (1984) . One simple, but vital, point for the debate over the passive component is that there was and remains common agreement that Na + -glucose cotransport saturates at 30-50 mM glucose in vivo. Yet there were numerous reports that glucose absorption increases almost linearly from 50 mM to several hundred millimolar (see Fordtran & Inglefinger, 1968) . It appeared that there must be other mechanisms for the absorption of glucose.
Indeed, there was already much evidence, accruing alongside and even predating this intense period of work on Na + -glucose cotransport, that there is also a significant passive component of glucose absorption. Many papers referred to K m values for glucose absorption of 100 mM or more (see Parsons & Prichard, 1966) ; typical data are to be found in Holdsworth & Dawson (1964) , showing that glucose and fructose absorption increased almost linearly up to a concentration of 280 mM. As early as 1956, Fullerton & Parsons reported that glucose absorption in vivo comprised two components: one was constant and not associated with water absorption (now identified with SGLT1); the other was variable and approximately proportional to water absorption up to 246 mM. Manome & Kuriaki (1961) used phloridzin to inhibit Na + -glucose cotransport and showed that glucose absorption in vivo comprised phloridzinsensitive and phloridzin-insensitive components. Using this approach, Debnam & Levin (1975) defined glucose absorption as the sum of an active component saturating around 30-50 mM glucose, and a phloridzin-insensitive component described as 'passive' or 'diffusive', since it was broadly linear and appeared non-saturable; the passive component equalled the active one at about 26 mM and continued to increase up to 128 mM glucose. Ilundain et al. (1979) and Lostao et al. (1991) reported that the passive component was some 3-5 times greater than the active component at high glucose concentrations. One significant point is that all studies showing clear evidence for a significant passive component are in vivo studies. That suggests (with hindsight -see below) that there is a significant difference between in vivo and in vitro preparations.
Nineteen eighty-seven was a pivotal year for studies of intestinal glucose absorption. Pappenheimer & Reiss (1987) proposed the theory of paracellular solvent drag as an explanation for the passive component of glucose absorption, and Hediger et al. (1987) cloned the Na + -glucose cotransporter SGLT1. The molecular era of intestinal glucose absorption had arrived and produced a profound change in the intellectual climate of the field, which was to ensure that the molecular biology of SGLT1 became almost totally dominant for the next 13 years (Hediger & Rhoads, 1994) . It was against this background that the debate over the passive component took place.
In an attempt to explain the in vivo experiments, Pappenheimer & Reiss (1987) proposed the theory of paracellular solvent drag, based on the fact that the passive (also termed 'paracellular') component of glucose absorption is associated with high rates of water absorption (Fullerton & Parsons, 1956) . They envisaged that concentration of glucose in the intercellular spaces (up to 425 mM - Pappenheimer, 1993) by Na + -coupled transport from the lumen (300 mM -then thought to be the physiological value after a meal) provides an osmotic force for fluid flow. The latter results in bulk absorption of nutrients against the concentration gradient by literally dragging glucose from the lumen through opened tight junctions into the intercellular spaces by non-ideal solvent-solute interactions. In support of this view, Madara & Pappenheimer (1987) showed that transport of glucose through SGLT1 causes contraction of the perijunctional actomyosin ring and so promotes dilatation of the intercellular tight junctions, suggesting the passive component occurs by paracellular solvent drag and is SGLT1 dependent.
The kinetic relationship between glucose absorption and fluid flow is defined by non-equilibrium thermodynamics as the sum of two terms, namely, the flux due to backdiffusion down the concentration gradient from intracellular spaces to lumen and the flux from lumen to intracellular spaces due to solvent drag. Pappenheimer & Reiss (1987) determined the relationship between glucose absorption and fluid flow in vivo at a single glucose concentration, approximately 23 mM. The contribution of solvent drag to overall glucose flux at 23 mM was small; however, they then applied the diffusional permeability and solvent drag coefficients so measured to calculate the relevant contributions to the overall glucose flux at 300 mM. They concluded that back-diffusion is negligible and that flux due to solvent drag exceeds that due to active transport severalfold.
The alternative view to paracellular flow, advanced by Ferraris & Diamond, is that adaptation of brush-border membrane transporters (that is, SGLT1) is matched to dietary intake (Ferraris & Diamond, 1989 , 1997 Ferraris et al. 1990 ). In Table 1 of their paper, Ferraris et al. (1990) give a list of 'modern' K m values for SGLT1-mediated transport, which are in the range 6-23 mM for in vivo and 2-6 mM for in vitro studies, the difference being attributed to unstirred layer effects. They maintain that the currently known kinetic properties of SGLT1 can account for the observed rates of glucose absorption and that paracellular flow, and by implication any passive component, is negligible. These conclusions depend crucially on what the luminal glucose concentrations are after a meal. Pappenheimer & Reiss (1987) used the high values of the early literature in calculating paracellular fluxes of glucose. However, improvement of analytical techniques has resulted in continual revision of these values downwards. Using modern analytical techniques, therefore, Ferraris et al. (1990) undertook a detailed study of the concentrations of free glucose present throughout the day in the lumen of rats on different diets. For rats on the most nearly physiological diets, concentrations ranged with time and small intestinal region from 0.2 to a maximum of 48 mM. These figures now span the effective concentration range of SGLT1 activity.
There are, however, two serious questions prompted by their subsequent conclusion that everything can be explained in terms of SGLT1. The first is whether the measured concentration was the relevant one. In making their measurements of luminal glucose concentration, Ferraris et al. (1990) simply emptied the contents of a gut segment into a vial for analysis. Such a method can only measure the free glucose that escapes into the lumen down the concentration gradient or, at best, an average over all luminal contents. As Pappenheimer (1993 Pappenheimer ( , 1998 has pointed out, this will inevitably be much less than the effective concentration at the membrane resulting from the hydrolysis of a-limit dextrins and disaccharides. It is, of course, not possible to measure the relevant glucose concentration directly, since glucose from hydrolysis is present only transiently in a local environment. Nevertheless, indirect measurements from the rate of membrane hydrolysis of maltose suggest that the local concentration is of the order of 300 mM (see Pappenheimer, 1998) . In recognition of the importance of local concentration, Lane et al. (1999) measured paracellular flow directly in the unanaesthetised dog in the presence of 150 mM maltose. They convincingly demonstrated that paracellular flow, monitored by the transport of L-glucose, accounts for no more than 2-7 % of overall absorption, even at these very high local maltose concentrations, which were associated with a high rate of water absorption. Thus these direct measurements provide support for the closely argued view of Ferraris & Diamond (1997) that such paracellular flow of nutrients as occurs in the experiments of Pappenheimer & Reiss (1987) does so at very low rates in long-lasting experiments.
The second question is how can SGLT1 possibly account for the continued increase in absorption up to several hundred millimolar glucose, when there is general agreement that SGLT1 is saturated at 30-50 mM? Ferraris & Diamond make no comment on this in any of their articles (Ferraris & Diamond, 1989 , 1997 Ferraris et al. 1990) , even though in the latest in vivo experiments of Lane et al. (1999) the rate of glucose absorption increased about 3.6-fold between 50 and 150 mM glucose. In fact they appear to have systematically discounted the existence of any passive component. For example, in Table 1 of Ferraris et al. (1990) , the K m of active transport reported by Debnam & Levin (1975) is quoted as 23 mM for the phloridzin-sensitive component, but there is no mention at any point of a passive component. This is true for all other quoted references to in vivo work, where the concentration is high enough to detect a passive component, which can be as high as 3-5 times the active. The ensuing disjunction of their work and Pappenheimer's meant that the two sides could not agree on the passive component of glucose absorption.
Two final points, apparently overlooked in the debate so far, are of note. Firstly, glucose absorption by solvent drag is proposed to depend on the activity of SGLT1. If, then, Na + -glucose cotransport is inhibited in vivo, most, if not all, of the passive component should be inhibited. Yet the data of Debnam & Levin (1975) showed this was not the case, for an independent passive component remained after inhibition of Na + -glucose cotransport by phloridzin that was as much as 1.5 times greater than the active component. However, see below.
The second point concerns fructose absorption, which was singled out by Pappenheimer & Reiss (1987) as being similar to that of glucose. We know now that fructose absorption is mediated by GLUT5 in the brush-border membrane, which has a K m of 6 mM (Gould & Holman, 1993) ; GLUT2 is also involved (see below). The significant point here is that, to the best of current knowledge, only facilitative transporters are involved. There can be no concentration of fructose in the intercellular spaces and therefore no sugar-induced paracellular solvent drag.
At this point in the debate, glucose absorption at high concentrations cannot be explained in terms of either paracellular flow or the currently known properties of SGLT1.
Evidence that the passive component of sugar absorption is mediated by the glucose-and hormonedependent regulation of GLUT2 at the brush-border membrane The current dogma of intestinal absorption is that glucose enters the absorptive cell by SGLT1 in the brush-border membrane and exits into the blood by GLUT2, a member of the facilitative glucose transporter family, in the basolateral membrane (see Fig. 2 of Hediger & Rhoads, 1994) . Fructose enters by GLUT5, which is highly specific for fructose, and exits by GLUT2, so that glucose and fructose share a common exit pathway. We have now provided evidence for an alternative mechanism for the passive component of absorption, namely that it is mediated by the glucose-and hormone-dependent regulation of GLUT2 at the brush-border membrane: rapid trafficking of GLUT2 to the brush-border membrane is controlled by the SGLT1-dependent activation of a protein kinase C (PKC)-dependent pathway and also by MAP kinase intracellular signalling pathways (Helliwell et al. 2000a,b; Kellett & Helliwell, 2000) .
Adaptation of fructose absorption to diabetes.
Although GLUT2 has been considered to be located solely at the basolateral membrane, we first reported the potential role of GLUT2 at the brush-border membrane in the adaptation of fructose absorption to diabetes (Corpe et al. 1996) . After 10 days of streptozotocin diabetes, the brush-border level of GLUT5 was increased almost 3-fold and GLUT2 was readily detectable at the brush-border membrane in contrast to normal jejunum. GLUT5 in brush-border membrane is highly specific for fructose and is not inhibited by glucose at ratios as high as 100:1, nor by phloretin. In contrast, GLUT2-mediated fructose transport displays complete and mutual inhibition with glucose and is inhibited by phloretin. We were therefore able to use the difference in phloretin specificity to separate the transport contributions of GLUT5 and GLUT2 to fructose absorption determined by perfusion of isolated jejunal loops in vitro. At 5 mM fructose, all fructose is metabolised in this preparation; none appears in the serosal medium. Inhibition of absorption by luminal phloretin therefore reflected events only at the brush-border membrane. In complementary experiments with vesicles, we used 100 mM glucose to inhibit the transport of fructose by GLUT2. Perfusion and vesicle experiments gave the same results. They revealed that GLUT2 was fully functional at the brush-border membrane. The 1.6-fold enhancement of fructose absorption in diabetes comprised a phloretin-or glucoseinsensitive component mediated by GLUT5 and a phloretin-or glucose-sensitive component mediated by GLUT2. Diabetes diminished the intrinsic activity (the catalytic activity per molecule) of GLUT5 to 20 % of its value in normal rat jejunum. Although in these experiments we did observe some GLUT2 at the brushborder membrane of normal rats, the amounts were variable and much lower than in diabetic jejunum; therefore, at that point, we did not ascribe to them the significance demanded by subsequent investigations.
Rapid trafficking of GLUT2 at the brush-border membrane. We then observed that perfusion of rat jejunum in vitro with the PKC agonist phorbol 12-myristate 13-acetate (PMA) for 30 min increased overall fructose transport by 70 % (Helliwell et al. 2000a) . Interestingly, PMA caused a 4-fold increase in the level of GLUT2 at the brush-border membrane, but no changes in the level of GLUT5 or SGLT1. The increase in GLUT2 level was matched by a 4-fold increase in the phloretinsensitive, GLUT2-mediated component of absorption and trafficking of GLUT2 correlated with activation of PKC bII. The increases in overall fructose transport, in GLUT2 level and in PKC bII activation were all blocked by the PKC inhibitor chelerythrine.
In untreated jejunum, PKC bII was activated in vivo compared with in vitro; the level of brush-border GLUT2 in untreated jejunum in vivo was the same as that for PMA-treated jejunum in vitro. Thus we concluded that excision of jejunum for in vitro experiments of any kind must be associated with inactivation of PKC bII and the rapid loss of GLUT2 from the brush-border membrane, because of the loss of influence of stimulating hormones
Intestinal glucose absorption J. Physiol. 531.3 and nutrients. This conclusion was confirmed in the time course experiments shown in Fig. 1 . In the absence of PMA, perfusion in vitro results in diminution of GLUT2 to about 25 % of in vivo levels within 25 min (the earliest measured time), implying a t 1/2 for loss of no more than a few minutes. PMA prevented the loss by permanently activating PKC bII. That GLUT2 was indeed at the brush-border membrane was confirmed by cell-surface biotinylation. We therefore concluded that GLUT2 plays an important role in fructose absorption across the brushborder membrane in normal jejunum. Unpublished experiments show that PKC bII remains activated in diabetic jejunum even in vitro. In this respect, diabetes has the same effect as PMA in normal jejunum ( Fig. 1 ) and explains why we readily detected large amounts of brushborder GLUT2 in diabetic but not normal rats in the earlier work.
GLUT2 mediates the passive component of glucose absorption and is regulated by glucose. GLUT2 is the only GLUT family member known to transport both glucose and fructose. Since GLUT2 is a high-capacity, high-K m transporter, it follows that brush-border membrane GLUT2 should provide a passive component of glucose absorption detectable at high concentrations. Single-pass perfusions of jejunum with glucose in the presence and absence of phloretin confirmed this supposition ( Fig. 2 ; Kellett & Helliwell et al. 2000) . Glucose absorption comprises a phloretin-sensitive, GLUT2-mediated component and a phloretin-insensitive, SGLT1-mediated component. The phloretin-insensitive component shows simple saturation kinetics with a K m of 27 ± 7 mM, similar to that reported for the phloridzinsensitive component by Debnam & Levin (1975) .
Figure 1. Excision of jejunum results in rapid loss of GLUT2 from the brush-border membrane
Three pairs of normal jejuna were each perfused with 5 mM fructose in vivo for 30 min and then for different times in vitro; pair 1 was not perfused further (0 min in vitro), pair 2 was perfused for 25 min in vitro and pair 3 was perfused for 60 min in vitro. Three pairs were perfused in the absence of PMA (no PMA, left-hand side) and three pairs in the presence of PMA (with PMA, right-hand side). After perfusion, trafficking was stopped by flushing with ice-cold perfusate, and brush-border membrane vesicles were prepared and blotted for GLUT2. As soon as jejunum from normal rats is excised, PKC is inactivated because of the loss of influence of endogenous hormones, and about 75 % of the GLUT2 is lost from the membrane within minutes. If, however, PKC remains active because the jejunum is perfused with PMA, then GLUT2 is not lost. All types of in vitro preparations from normal, untreated jejunum suffer loss of GLUT2 from the brush-border membrane and the passive component is not readily detectable; see text. Reproduced with permission from Helliwell et al. (2000a) Consistent with previous reports, the passive component was superficially linear, suggesting simple diffusion. Being carrier mediated, however, it was in fact cooperative with h = 1.6 and [G 1/2 ] = 56 ± 14 mM, where h is the Hill coefficient and [G 1/2 ] is the glucose concentration at half V max (see legend to Fig. 2) . Transport of glucose through SGLT1 activates PKC bII with simple saturation kinetics and a [G 1/2 ] of 20 mM. The activation of PKC bII correlated with a doubling of brush-border GLUT2 at high glucose concentrations (100 mM and more); the level of SGLT1 was unchanged. Nevertheless, when the rate of absorption of the passive component was normalised for the increase in GLUT2, the dependence of rate on glucose concentration remained sigmoidal (h = 1.7). It therefore appears that two factors are responsible for the cooperativity of the passive component, the glucose-induced recruitment of GLUT2 and the stimulation of GLUT2 intrinsic activity. Dependence of the passive component on SGLT1 was demonstrated in four ways: (i) the kinetics of activation of PKC bII activation showed a saturation response with a K a for glucose similar to the K m of SGLT1; (ii) inhibition of SGLT1 with phloridzin or by abolition of the Na + gradient inactivated PKC bII; (iii) inhibition of SGLT1 resulted in loss of GLUT2 from the brush-border membrane and therefore (iv) in inhibition of the passive component of absorption.
Regulation of the passive component by MAP kinase intracellular signalling pathways. The ERK, p38 and PI 3-kinase pathways play an important role in the regulation of many cellular processes by mitogens, such as insulin, which regulates intestinal sugar absorption (Kellett et al. 1984; Wollen & Kellett, 1988; Pennington et al. 1994) , and by various stress factors such as cytokines and hyperosmolarity. The involvement of these intracellular signalling pathways in the regulation of the intrinsic activity of other members of the facilitative glucose transporter family has been reported (Gould et al. 1995; Barros et al. 1997) . We have therefore investigated their involvement in the regulation of fructose transport by manipulating the activities of the different pathways using different combinations of anisomycin, PD98059 and wortmannin (Helliwell et al. 2000b) . Activation of the p38 pathway by 2 µM anisomycin stimulated transport maximally. Inhibition of the ERK pathway by PD98059, which inhibits MEK, had little effect on fructose transport. However, it caused a dramatic 50-fold diminution in the K a for anisomycin from 1 µM to 20 nM, demonstrating that the ERK pathway inhibits the p38 pathway. The K a of anisomycin in diabetic jejunum was 30 nM and PD98059 had no effect. Such behaviour is consistent with the expected inhibition of the insulin-sensitive ERK pathway in diabetic jejunum. By using different combinations of drugs, it was possible to vary within minutes: fructose transport over a 3.4-fold range; GLUT2 levels over a 4-fold range with only minimal changes in GLUT5 or SGLT1 levels, demonstrating that GLUT2 trafficks by a rapid trafficking pathway distinct from that of GLUT5 and SGLT1; GLUT2 intrinsic activity over a 9-fold range; and GLUT5 intrinsic activity to the 20 % level seen in diabetic jejunum. Our experiments therefore demonstrated that there is extensive cross-talk between the ERK, p38 and PI 3-kinase pathways in their control of brush-border fructose transport by modulation of the levels and/or intrinsic activities of GLUT5 and GLUT2. The balance between the activities of the different pathways is all-important.
The assimilation of sugars after a meal Our current working model for some of the events that occur during the assimilation of sugars after a meal is as follows. Before a meal, the lumen is empty and the concentration of glucose is lower than in the blood (Fig. 3A) . The presence of a facilitative transporter at the brush-border membrane might be expected to compromise intestinal function by permitting the loss of glucose from the blood through the absorptive cell into the lumen. The potential loss is limited by three factors. Firstly the level and intrinsic activity of GLUT2 at the brush-border membrane are low compared with the situation when high concentrations are present in the lumen. Secondly, a large part of the glucose entering the absorptive cell from the blood will be metabolised at these low concentrations. Thirdly, any glucose that does escape will be recycled by SGLT1, which is capable of moving glucose against a concentration gradient. Note that this problem does not occur with fructose, since its circulating concentration is very low.
After a meal, the action of membrane-bound hydrolytic enzymes, such as isomaltase, in the microvilli on dissacharides and a-limit dextrins results in a high local concentration of glucose (Fig. 3B) . Since both the brushborder level of GLUT2 and its intrinsic activity are low, transport will occur initially through SGLT1 to activate PKC bII; the latter is reported to be located in the terminal web of the mature enterocytes in the upper part of the villus (Saxon et al. 1994) , that is those cells responsible for the majority of glucose absorption. Interestingly, glucose also causes condensation of the peri-junctional actomyosin ring and focal condensation of microfilaments at other sites within the terminal web (Madara & Pappenheimer, 1987) . Rapid trafficking (t 1/2 no more than about 5 min) of GLUT2-containing vesicles to the brush-border membrane, and insertion as well as activation of GLUT2 already at the membrane, would then occur as a probable consequence of PKC bII activation. These events result in the activated state of the absorptive cell shown in Fig. 3B , in which the flux through the GLUT2-mediated pathway of glucose absorption is several times greater (large arrow) than that through the SGLT1-mediated pathway (small arrow).
One possible mechanism for activation of PKC bII and the contraction of the peri-junctional actomyosin ring is that concentrative Na + -coupled glucose entry may trigger the entry of extracellular Ca 2+ (Pappenheimer, 1993) . Contraction of the peri-junctional actomyosin ring causes rounding of the apical surface of absorptive cells
Intestinal glucose absorption J. Physiol. 531.3 and alterations in tight junction structure (Madara & Pappenheimer, 1987) . PKC promotes transcytosis and it may be that changes in tight junction structure and the regulation of associated scaffold/binding proteins alter the polarised targeting of transport vesicles so as to allow selective passage of GLUT2 from the basolateral to the apical side. Rounding of the apical surface might also increase access of luminal glucose and of complex sugars to the hydrolases and transporters of the brush-border membrane.
As sugars are assimilated after a meal and the luminal glucose concentration decreases, the sequence of signalling events and associated structural changes is rapidly reversed.
The implications of our findings for the debate over the passive component The passive component exists. The first implication is that the passive component exists and is facilitated by GLUT2. The GLUT2-based mechanism provides an explanation for glucose absorption at concentrations much greater than 30-50 mM, by which SGLT1 is saturated, and therefore for the long-established in vivo data.
Paracellular flow and water transport. The conclusion that solvent drag was important rested in part on the calculation that back-diffusion across the tight junctions was negligible compared with solvent drag, even when This cartoon of our current working model shows the absorptive epithelial cell before (A) and after (B) a meal. Before a meal, the glucose concentration in the lumen is very low, being less than that in the blood. The level and intrinsic activity of GLUT2 are low, indicated by the pale yellow ellipse for GLUT2; absorption of glucose against its concentration gradient occurs through SGLT1. After a meal, high local concentrations of glucose are present at the microvilli from the hydrolysis of dissacharides, for example, by the action of isomaltase (IM) on maltose. Transport of glucose through SGLT1 results in activation of PKC bII and activation and recruitment of GLUT2 to the brush-border membrane, indicated by the bright yellow circle for GLUT2. The rate of absorption through GLUT2 is then severalfold greater than that through SGLT1. Transport of glucose through SGLT1 also results in contraction of the peri-junctional actomyosin ring (just below the tight junction), causing subtle rounding of the surface of the absorptive cell. Both processes may be mediated by a glucose-induced increase in intracellular Ca 2+ concentrations. For further explanation see text.
glucose was proposed to be concentrated in the intracellular spaces to such an extent that it could generate significant fluid flow. Such concentration would be very unlikely given the efficiency of vascular clearance in vivo. Nevertheless, we have now demonstrated that GLUT2 is present at the brush-border membrane with a high level and increased intrinsic activity at high glucose concentrations (in contrast to the situation at low concentrations). There is thus a potential facilitated transport pathway from the basolateral to the brush-border membrane, which would prevent any significant concentration of glucose in the intracellular spaces. The very presence of a facilitative transporter at the brush-border membrane therefore invalidates the theory of paracellular solvent drag. In keeping with this conclusion, we observed that the passive GLUT2-mediated and active SGLT1-mediated components accounted within experimental error for total glucose absorption. As noted above, fructose cannot concentrate in the intercellular spaces.
If there is no paracellular flow of glucose, why is water transport proportional to glucose absorption at higher glucose concentrations? We noted that when the passive component was inhibited with phloretin, water transport also was inhibited. That permitted us to calculate that 342 ± 22 molecules of water are associated in some way with the transport of one molecule of glucose by GLUT2. Experiments in oocytes have led to the view that glucose transporters can act as low conductance water channels (Loo et al. 1999) . Thus it has been reported that GLUT2 transports water (Fischbarg et al. 1990 ) and that SGLT1 transports 390 moles of water per mole of glucose (Zeuthen et al. 1997) . Presumably all glucose transporters will have similar stoichiometries, since their stereochemistry will be similar. If, then, water were transported by GLUT2 in jejunum, it would explain the feature of the passive component emphasised by Pappenheimer & Reiss (1987) and observed by Fullerton & Parsons (1956) , namely that water transport is proportional to absorption at high glucose concentrations. Fullerton & Parsons only observed the association of water with the passive component. The other component of glucose absorption they observed was not associated with water absorption. We now interpret the latter component to be SGLT1. Since SGLT1 was already partially saturated at the lowest concentration in their experiments, it would provide a constant background of water absorption rather than a variable component.
Demonstrating the dependence of the passive component on SGLT1 and the rapid trafficking of GLUT2 to the brush-border membrane Our finding that the passive component of glucose absorption is dependent on SGLT1 is at variance with the independence implied by the observations of Debnam & Levin (1975) , in which inhibition of SGLT1 with phloridzin leaves a large diffusive component; see also Ilundain (1979) and Lostao et al. (1991) . In preliminary work, we have now identified a possible reason for this discrepancy. The earlier in vivo perfusions were recirculated perfusions performed at high flow rates (approx. 6 ml min _1 ) and pressure heads, which cause the perfused loop to blow up and distend. In contrast, our in vivo perfusions were single-pass perfusions in which no distension occurred, because the pressure head was zero and the flow rate only 0.75 ml min _1 . By switching from a single-pass, low flow rate perfusion with no glucose (50 mM mannitol) to a recirculated, high flow rate perfusion with 50 mM glucose, and vice versa, we have found that trafficking appears to be blocked by mechanical stress (P. A. Helliwell & G. L. Kellett, unpublished data) . We have further confirmed that the passive component is therefore independent of SGLT1 in high flow rate perfusions. That mechanical stress blocks GLUT2 trafficking at high glucose concentrations may point to an alteration in sensitivity to glucose. Alternatively, it might indicate an important role for the peri-junctional actomyosin ring in the regulation of the passive component, a view closely identified with Madara and colleagues (for a review, see Turner, 2000) .
Why has the role of GLUT2 at the brush-border membrane been overlooked? First, the vast majority of studies on sugar transport have been performed with in vitro preparations. As soon as jejunum is excised for in vitro investigations, however, the majority of GLUT2 is lost from the brush-border within minutes, because PKC bII is inactivated as a result of the loss of influence of endogenous hormones and/or nutrients. In many in vitro preparations GLUT2 or GLUT2-mediated transport would therefore be difficult to detect, especially since transport is dominated by SGLT1 at the low concentrations often used for uptake studies.
These considerations apply particularly to all preparations of intestinal tissue at physiological temperature in vitro, for example perfused isolated loops in vitro or in situ, everted sacs, tissue sheets in Ussing chambers or enterocytes. One preparation that escapes this problem straightforwardly is that of membrane vesicles, provided trafficking is first inhibited in vivo by flushing the lumen with ice-cold buffer and then performing isolation rigorously under ice-cold conditions (Helliwell et al. 2000a ). However, it may prove possible to escape the difficulty in other preparations by providing the right hormones and/or nutrients. The luminally and vascularly perfused preparation of rat jejunum seems particularly suited in this regard. Indeed, Professor C. I. Cheeseman (personal communication) has recently observed that large amounts of GLUT2 are found at the brush-border membrane of this preparation under the perfusion conditions described by Hirsh & Cheeseman (1998) .
Many differences between in vitro and in vivo preparations have been attributed to the presence of unstirred layers in vivo. However, we now see that a major difference between in vitro and in vivo preparations is the loss of GLUT2 in Intestinal glucose absorption J. Physiol. 531.3 vitro. No doubt this loss accounts for some of the effects attributed to unstirred layers. It also explains why the passive component was seen almost exclusively with in vivo preparations.
The second reason that the role of GLUT2 has been overlooked is that the passive component of absorption is largely SGLT1 dependent in vivo, although, as we have seen this depends on the type of preparation. The universal assumption that blocking a process with phloridzin defines that process as being solely mediated by SGLT1 does not pertain in vivo, since it masks a contribution from the passive component.
For these reasons, then, we see that a large majority of the data in the literature can indeed be explained primarily in terms of SGLT1, as proposed by Ferraris & Diamond, but in vivo data above 50 mM glucose cannot.
The roles of SGLT1 -scavenger, transporter, regulator.
It is important to remember that SGLT1 does not mediate active absorption; rather it mediates secondary active absorption. If the intracellular concentration of Na + is maintained at low levels by the Na + ,K + -ATPase, then, in vivo, when vascular clearance is very efficient and the concentration of glucose in the lumen exceeds that in the blood, SGLT1 must transport glucose down hill: that SGLT1 operates in a passive mode is demonstrated by the data of Leese (1974) , who reported that when luminal and plasma glucose concentrations are 28 and 11 mM, respectively, the mucosal concentration is 18 mM. We can therefore recognise that a key role of SGLT1 is to act as a scavenger, recovering any glucose that might have escaped from the absorptive cell into the lumen at luminal concentrations less than blood glucose. This is because it is the one situation in which SGLT1 can truly use its ability as the only transporter capable of transporting glucose against its concentration gradient. It is interesting to note that the low K m analogue of SGLT1 in fructose absorption is the facilitative transporter GLUT5; a secondary active mechanism is not necessary, since the circulating concentration of fructose is very low.
At intermediate concentrations, where the 'active' component exceeds the GLUT2-mediated passive component, SGLT1 has a second established role as the major transporter, but is operating in passive mode. At very high local concentrations present at the brushborder membrane immediately after a meal, however, GLUT2-mediated absorption is the major route, some 3-5 times that mediated by SGLT1. Nevertheless, SGLT1 is now seen to have also a third, regulatory role -it can control the onset of the activation of PKC bII and is therefore instrumental in triggering the passive component so that absorption is matched to dietary intake on a time scale of minutes.
Although the short-term regulation in our experiments has concerned brush-border GLUT2, SGLT1 also has established regulatory functions. Long-term developmental and dietary regulation of SGLT1 have been documented by Ferraris & Diamond (1989 , 1997 and Shirazi-Beechey et al. (1991) . Cheeseman (1997) and Hirsh & Cheeseman (1998) have also reported rapid changes in SGLT1 and SGLT1-mediated transport in response to GLP-2 and CCK-8, respectively. Both types of SGLT1 regulation are important in their own right, but both also have the potential to control the passive component.
A role for regulatory proteins?
In the original work of Thorens et al. (1990) , GLUT2 was detected by immunocytochemistry only at the basolateral membrane. Initially, we thought that this was because intestine was excised before fixation. However, we have not been successful in detecting brush-border membrane GLUT2 by immunocytochemistry in samples fixed before excision (J. A. Affleck & G. L. Kellett, unpublished data). Since we have detected GLUT2 by cell-surface biotinylation, vesicle blotting and a battery of functional tests, one possibility -not the only one -is that the C-terminal determinant detected by the antibody is in some way masked, perhaps by a docking protein at the brushborder membrane. It may be necessary to use an antibody that recognises an extracellular epitope of GLUT2 in order to resolve this question; and even that may not be successful if other explanations pertain.
A second important question is sugar specificity. For example, there is no evidence in the literature for transport of 2-deoxyglucose across the brush-border membrane, although it is a substrate for GLUT2 in the basolateral membrane (Kimmich & Randles, 1976) . 2-Deoxyglucose behaviour might well be explained by loss of GLUT2 from the brush-border of in vitro preparations and/or by the fact that, since 2-deoxyglucose is not a substrate for SGLT1, the role of the latter in regulating GLUT2 trafficking is lost. But a more radical thought occurs in relation to the low affinity transport system in guinea-pig brush-border membrane vesicles, 'Alvarado's system II' so-called. The K m of system II for glucose is 24 mM compared with 0.4 mM for SGLT1 in the same vesicle preparation; moreover, system II is inhibited by cytochalasin B (Brot-Laroche et al. 1986 ). However, system II is not immediately identified with GLUT2, since it is not inhibited by 2-deoxyglucose. What if GLUT2 at the brush-border membrane were to have a different specificity for glucose analogues from that at the basolateral membrane, because it associates with different scaffold/regulatory proteins? Conventional assumptions about sugar specificity may not hold and an indication of how seriously this point should be considered is afforded by the studies of Miyamoto et al. (1994) on GLUT5, which is highly specific for fructose in intact intestine. When GLUT5 is expressed in oocytes by injection of cRNA, it transports glucose as well as fructose, but when expressed from total mRNA, it transports only fructose.
With regard to sugar specificity, it should also be noted that new transporters, or recently discovered trans-porters of unknown specificity such as GLUT8 (Doege et al. 2000) , may well be involved.
The future
One feature of the literature and the debate over the mechanism of the passive component of glucose absorption has been the almost interchangeable usage of terms such as 'passive', 'diffusive' and 'non-carrier mediated'. This has led at times to confusion, depending on context and author. Now that a clearly defined, GLUT2-based mechanism has been identified, the term 'facilitated' seems preferable for it is both accurate and unambiguous.
Glucose absorption is regulated by a PKC-dependent pathway in response to luminal glucose: the facilitated component is mediated by GLUT2 under the control of SGLT1. Fructose absorption is regulated by an intracellular signalling network comprising a PKC-dependent pathway, a PI 3-kinase-dependent pathway and the ERK and p38 MAP kinase pathways, which show extensive cross-talk. This network will also be involved in control of glucose absorption. We therefore expect that sugar absorption will be regulated by a range of endocrine and paracrine hormones that regulate the network pathways, such as nutrients, insulin, growth factors and cytokines. A large part of future work will therefore be to establish what hormones and sugars regulate which pathways and how they interact. However, these pathways are unlikely to be the only ones and our present view will undoubtedly be modified and/or extended.
Recently, Kawano et al. (1999) have reported that hyperglycaemia (25 mM 3-O-methylglucose) activates transport in rat soleus muscle. They show that activation of 3-O-methylglucose transport correlates with Ca 2+ -dependent activation of PKC bII and its translocation to the plasma membrane. Since there is no change in the cell surface content of GLUT1 or GLUT4, they propose that stimulation of 3-O-methylglucose transport may involve an increase of cell surface glucose transporter intrinsic activity. At 20-30 mM glucose, we do not see an increase in brush-border GLUT2 level, but do see an increase in intrinsic activity. Thus the two mechanisms are sufficiently similar that it appears likely the mechanism is common and will appear as specific variations in other tissues. Indeed, Marks et al. (2000) have very recently reported preliminary data showing that GLUT2 is present at the brush-border membrane of rat kidney; after incubation of cortical tubule suspensions with purinoceptor agonists, the GLUT2-facilitated component of transport, measured by the uptake of 20 mM glucose into vesicles, is doubled without any change in GLUT2 level.
The general pattern of regulation displayed by GLUT2 is that a protein constitutively located in the basolateral membrane can undergo rapid trafficking to the brushborder membrane to mediate the passive component of absorption. Future investigations of the absorption of other nutrients, such as peptides and amino acids, therefore seem likely to reveal a similar pattern of regulation involving similar intracellular signalling pathways.
With a few notable exceptions, most studies on regulation of nutrient absorption in the literature concern long-term dietary or developmental studies. The first detailed description of how the different intracellular signalling pathways, glucose and PKC regulate sugar absorption on a time scale of minutes opens up the whole field of shortterm regulation of sugar absorption by hormones and nutrients; the molecular description of the fundamental physiological mechanisms of assimilation of a meal and how they are perturbed in diseased states is now experimentally accessible.
